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Evolution of developmentng germ insect Drosophila is dominated by overlapping gap gene domains in the
syncytial blastoderm. In the short germ beetle Tribolium castaneum abdominal segments arise from a cellular
growth zone, implying different patterning mechanisms. We describe here the single Tribolium ortholog of
the Drosophila genes knirps and knirps-related (called Tc-knirps). Tc-knirps expression is conserved during
head patterning and at later stages. However, posterior Tc-knirps expression in the ectoderm is limited to a
stripe in A1, instead of a broad abdominal domain covering segment primordia A2–A5 as in Drosophila. Tc-
knirps RNAi yields only mild defects in the abdomen, at a position posterior to the abdominal Tc-knirps
domain. In addition, Tc-knirps RNAi larvae lack the antennal and mandibular segments. These defects are
much more severe than the head defects caused by combined inactivation of Dm-knirps and Dm-knirps-
related. Our ﬁndings support the notion that the role of gap gene homologs in abdominal segmentation
differs fundamentally in long and short germ insects. Moreover, the pivotal role of Tc-knirps in the head
suggests an ancestral role for knirps as head patterning gene. Based on this RNAi analysis, Tc-knirps functions
neither in the head nor the abdomen as a canonical gap gene.
© 2008 Elsevier Inc. All rights reserved.IntroductionIn the long germ insect Drosophila, the gap genes are the ﬁrst
zygotically expressed transcription factors involved in patterning the
anterior–posterior axis (St Johnston and Nüsslein-Volhard, 1992).
They are activated by maternal gradients and they interact to reﬁne
their initially broad patterns. Gradients of gap gene proteins provide
the positional information for the expression of pair–rule stripes
(Hülskamp and Tautz, 1991; Rivera-Pomar and Jäckle, 1996; Clyde et
al., 2003). In the short germ beetle Tribolium castaneum posterior
patterning occurs in an elongating cellular germ band (Tautz et al.,
1994). Analysis of the gap gene orthologs Tc-hunchback, Tc-Krüppel,
Tc-giant and Tc-tailless revealed a high degree of functional diver-
gence. Some expression domains like the ones of Tc-hunchback (Wolff
et al., 1995) and the anterior domain of Tc-giant (Bucher and Klingler,
2004) are conserved, while the Tc-Krüppel domain (Cerny et al., 2005)
and the posterior domain of Tc-giant (Bucher and Klingler, 2004) are
shifted towards anterior with respect to the fate map. RNAi and
mutant phenotypes clearly differ from the phenotypes of their Dro-cted at fax: +49 551 395416.
ucher),
ohenheim, Garbenstrasse 30,
l rights reserved.sophila orthologs: In the Tc-Krüppeljaws mutant and in Tc-Krüppel RNAi
germ bands anterior segmentation is not affected but segmentation
breaks down after the formation of the ﬁfth pair–rule stripe (Cerny et
al., 2005). In Tc-giant RNAi germ bands, the pattern of the segment
polarity gene Tc-engrailed is disturbed along the entire thoracic and
abdominal segment anlagen (Bucher and Klingler, 2004). Tc-hunch-
back previously has been reported to act as a gap gene in head and
trunk segmentation (Schröder, 2003), but recent work suggests that it
functions in abdominal segmentation only while in head and trunk it
regulates segment identity (Marques-Souza et al., 2008; Cerny and
Klinger, unpublished). In this respect, Tc-hunchback resembles the
hunchback orthologs in Oncopeltus fasciatus (Liu and Kaufman, 2004a)
and Gryllus bimaculatus (Mito et al., 2005). Finally, Tc-tailless is
transiently expressed at the posterior pole of blastoderm embryos
(Schröder et al., 2000), but is apparently not required for segmenta-
tion (R. Schröder, pers. communication).
Up to date, there is no data on orthologs of the Drosophila abdo-
minal gap gene knirps in other species. knirps is a nuclear steroid
hormone receptor-like transcription factor (Oro et al., 1989; Rothe et
al., 1989) required for the formation of abdominal segments one to
seven (Nauber et al., 1988). In Drosophila, the Dm-knirps and Dm-
knirps-related genes derive from a recent gene duplication event. At
the blastodermal stage, both Dm-knirps and Dm-knirps-related are
expressed almost identically in an anterior and a posterior domain
(Rothe et al., 1989; Rothe et al., 1994). The posterior domain of Dm-
knirps (but notDm-knirps-related) is directly involved in the regulation
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Horowicz, 1991; Clyde et al., 2003). Its expression correlates to the
segments deleted in Dm-knirps mutant larvae (Nauber et al., 1988).
The anterior domains of Dm-knirps and Dm-knirps-related are not
involved in head segmentation, as the engrailed expression in the
head is not affected in embryos lacking both genes (González-Gaitán
et al., 1994). However, a chromosomal deletion eliminating both the
Dm-knirps and Dm-knirps-related genes results in defects in head
morphogenesis during later stages, as well as in defects in tracheal
development corresponding to the late expression of these genes
(Chen et al., 1998; González-Gaitán et al., 1994). These defects are not
observed for mutants of only one of these genes which indicates a
high redundancy of the Dm-knirps and Dm-knirps-related genes with
respect to late functions. In contrast, the Dm-knirps-related activity is
not able to rescue the segmentation defect in Dm-knirps mutant
embryos. This appears to be due to the comparatively long primary
transcript of Dm-knirps-related (23 kb) that makes transcription and
processing too slow for early patterning (Rothe et al., 1992). In a
transgene construct without the large introns, however, the Dm-
knirps-related gene is able to largely rescue the Dm-knirps mutant
phenotype (Rothe et al., 1992).
In this paper, we describe expression and function of the single
Tribolium ortholog of the knirps and knirps-related genes that we call
Tc-knirps. We show that Tc-knirps plays only a marginal role in abdo-
minal segmentation but is crucial for formation of the antennal and
mandibular segments, and we discuss implications for the role of gap
gene orthologs in short germ insects.
Materials and methods
Cloning, RACE and sequence analysis
As the amino acid sequences of Eagle-, Knirps- and Knirps-related proteins are
highly conserved within the Zinc-ﬁnger and knirps-box DNA-binding domain (see Sup.
Fig. S2) a 209 bp fragment of Tc-knirps could be ampliﬁed using the same degenerate
primers and nested PCR conditions as described for the cloning of the Tc-eagle ortholog
in Bucher et al. (2005) (up1: 5′-TGY AAR RTN TGY GGN GA-3′ (amino acids: CKVCGE);
up2 5′-ACN TGY GAR GGN TGY AA-3′ (Aa: TCEGCK) and low6: 5′-AR RCA RTG DAT YTT
RAA CCA-3′ (Aa: WFKIHCL)). The PCR product was isolated from a 2% NuSieve GTG low-
melting agarose gel (FMC BioProducts, Rockland, ME, USA) and cloned into pBluescript
vector (Invitrogen, CA, USA). 27 clones contained Tc-eagle while 16 showed the Tc-
knirps sequence. No other sequences with homology to the members of the knirps
family could be observed. We used the Marathon Kit (Clontech, Palo Alto, CA, USA)
and the primers kni-5′-RACE: 5′-CCA GTT TGA TCT TCG GCC GTA TCT TGA G-3′ and
kni-5′-RACE nested: 5′-CAC TTT TTG ACA TAC CGA CCA TCA GAC ATT TC-3′ for cloning a
637 bp 5′-RACE fragment, containing the 5′-UTR and the Zinc-ﬁnger domains. No
proper 3′-RACE product could be obtained.
After whole genome shotgun sequences of the Tribolium genome were released
(http://bioinformatics.ksu.edu/blast/blast.html), the speciﬁc primers kni up: 5′-CCG
AAG CTC GAG ACA TGT G-3′; kni up nested: 5′-AGT GTC GCG TGT GTC ACA G-3′ and kni
low: 5′-CAA TAC TCG AAT GGA ACA CAG-3′ were used for a nested ampliﬁcation
(annealing temp. 47 °C) of a 1.1 kb fragment, containing the entire coding sequence of
the Tc-knirps gene.
Sequence alignment and phylogenetic analysis
The amino acid sequences were aligned using the ClustalW program (www.ebi.ac.
uk/clustalw) and the alignment was manually corrected. A phylogenetic tree was
calculated by the treepuzzle algorithm (http://bioweb.pasteur.fr/seqanal/interfaces/
Puzzle.html) with standard settings but choosing the Blosum 62 matrix (Strimmer and
von Haeseler, 1996) using the positions 10–105 of Dm-knirps-related and the positions
1–96 of all other proteins (positions 10–105 in the alignment). For analyzing the exon–
intron boundaries, cDNA- and genomic DNA sequences were aligned through the
GeneJockeyII program (Biosoft, Cambridge, UK).
Expression analysis
Fixation and single in situ stainings were performed by standard protocols (Tautz
and Pfeiﬂe, 1989). In the double in situ stainings, the signal for the beta-Gal detection
was enhanced via the TSA Biotin System (Perkin Elmer, MA, USA) (Prpic et al., 2001).
Both, the 637 bp 5′-RACE fragment and the 1.1 kb full length sequence served as
templates for antisense-probes and displayed identical expression patterns. Triple in
situ was performed as described (Wohlfrom et al., 2006), using the same colour reaction
for Tc-engrailed and Tc-knirps probes.Parental RNAi
RNA interference was performed by injecting female pupae as previously described
(Bucher et al., 2002). The Tc-knirps dsRNA generated from the 637 bp 5′-RACE fragment
and the 1.1 kb full length sequence produced identical phenotypes. Two different
concentrations of dsRNA (2 μg/μl and 4 μg/μl) yielded similarly strong phenotypes.
Cuticle preparation and photography
First instar larvae were cleared in lactic acid/10% ethanol overnight at 60 °C. After
washing once with lactic acid, cuticles were transferred to a drop of lactic acid on a slide
with double-stick tape. Larvaewere positioned on the tape ventral up and the lactic acid
on the slide was replaced by water using a pipette. Cuticle autoﬂuorescencewas excited
at 488 nm and detected with a 520 nm to 660 nm ﬁlter using a 40× water objective on a
Leica confocal microscope. Maximum projection images were generated from the
image stack.
Results
Tribolium contains a single knirps/knirps-related ortholog
In Drosophila, the knirps family of nuclear steroid hormone
receptor-like transcription factors consists of three genes: Dm-knirps,
Dm-knirps-related and Dm-eagle (formerly: Dm-egon). Two of these
genes, Dm-knirps and Dm-knirps-related are derived from a recent
gene duplication and display almost identical expression patterns,
whereas the third member, Dm-eagle, is expressed in the embryo only
at late stages in the gonad primordia (Rothe et al., 1989). PCR with
degenerate primers based on conserved amino acids among these
genes lead to the isolation of the Tc-eagle gene (Bucher et al., 2005)
and of one additional sequence more similar to knirps/knirps-related.
The 5′-end of this transcript was determined by RACE while the
genomic sequence was used to design primers spanning over the full
coding sequence (see Materials and methods for details). No addi-
tional members of the knirps family could be identiﬁed using degene-
rate PCR or tBLASTn analysis of the nearly complete genome sequence.
We therefore conclude that there is only a single knirps/knirps-related
ortholog in Tribolium (Sup. Fig. S1).
It is important to note that Tc-knirps is the ortholog of both, Dm-
knirps and Dm-knirps-related. Since only one knirps/knrl gene is
present in the genomes of Apis and Anopheles, the gene duplication
event leading to the Drosophila paralogs probably occurred within the
higher dipterans. Thus, despite the higher sequence divergence of
Dm-knirps due to its fast molecular evolution (Sup. Fig. S3), Tc-knirps is
phylogenetically equally close to both Drosophila paralogs. Since
knirps was described ﬁrst in Drosophila, we decided to name the Tri-
bolium ortholog Tc-knirps.
Alignment of the amino acid (aa) sequences shows that the single
orthologs of knirps and knirps-related in Tribolium and Anopheles are
more similar to Dm-knirps-related than to Dm-knirps. In addition to
the N-terminal DNA-binding Zn-ﬁnger and Knirps-box domains, four
less well conserved motifs are evident between Tc-Knirps, Ag-Knirps
and Dm-Knirps-related (Sup. Fig. S2). Studies of Dm-Knirps function
have revealed that the region between FQLPP (motive 2) and VESQN
(end of motive 3) is important for its function as transcriptional
repressor (Gerwin et al., 1994). This region can be identiﬁed in all
homologs but it is clearly most diverged in the Dm-Knirps sequence.
In contrast to this region, the biochemical function of the conserved
motifs one and four is not known. The 330 aa Tc-Knirps protein is
smaller than its counterparts in Drosophila (Dm-Kni 429 aa; Dm-Knrl
647 aa), ﬁtting the general trend of smaller transcription factor
proteins in Tribolium compared to Drosophila (Schmid and Tautz,
1999). A high rate of sequence evolution is evident in the Drosophila
genes knirps and eagle (Sup. Fig. S3).
The Tc-knirps transcript is composed of one non-coding and two
coding exons. Overall, the position of the introns is conserved to the
Drosophila homologs (Sup. Fig. S4). However, Dm-knirps-related
contains one more exon encoding nine additional amino acids
including a start methionine not present in any other member of
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crucial for the diverged functions of knirps versus knirps-related in
early Drosophila embryogenesis (Rothe et al., 1992). The Tc-knirps
introns are large, similar as in Dm-knirps-related (21.8 kb in Tc-knirps
vs. 20.6 kb in Dm-knirps-related). These long introns appear to be
compatible with a function during early Tribolium development (see
below) because development proceeds at a slower pace in this species.
Tc-knirps is expressed in the head and the anterior abdomen
Similar to Dm-knirps and Dm-knirps-related (González-Gaitán et
al., 1994; Chen et al., 1998), Tc-knirps is expressed in two domains
during segmentation, as well as in the developing tracheal system
during late embryogenesis (Figs. 1, 2). The ﬁrst expression of Tc-knirps
arises at the blastoderm stage as a broad domain excluding the
anterior and posterior poles (Fig. 1A). In this respect, Tc-knirps differs
clearly from Tc-otd-1 (Schröder, 2003), Tc-giant (Bucher and Klingler,
2004) and Tc-hunchback (Wolff et al., 1995) which initially display
ubiquitous maternal expression. At later stages, the expression of Tc-
knirps retracts from the posterior region of the blastoderm and both
the anterior and the posterior border of the Tc-knirps domain sharpen
(Figs. 1C, E and G). This appears to be a rapid process because it occurs
within one cell cycle as judged by Höchst-stainings (Figs. 1B, D, F and
H). In parallel, the anterior border of the Tc-knirps activity tilts and
becomes oblique with respect to the dorso-ventral axis, a phenom-
enon also observed for Tc-otd-1, Tc-giant and Tc-mlpt (Schröder, 2003;
Bucher and Klingler, 2004; Savard et al., 2006). This reﬂects the dorsal
expansion of the anterior serosa anlage (Falciani et al., 1996; Handel et
al., 2000). As the Höchst-staining of the oldest embryo (Fig. 1H) doesFig. 1. Expression of Tc-knirps in blastoderm embryos. Whole mount in situ stainings
against Tc-knirps in blastoderm embryos (A, C, E, G) and Höchst 33342 counterstaining
of these embryos (B, D, F, H). Anterior is always left and dorsal is up in panels G, H. The
Tc-knirps expression starts as a broad domain excluding the anterior and posterior pole
(A). Subsequently, expression retracts from the posterior region (C) and the borders of
the Tc-knirps domains sharpen (E, G). At later stages, the anterior but not the posterior
border tilts with respect to the dorso-ventral axis (G). Höchst 33342 stainings indicate
that this pattern maturation predates the morphological differentiation between serosa
and embryonic tissue.not yet show cellular differentiation of the serosa tissue, this shift of
the Tc-knirps expression boundary probably does not reﬂect cell
movement but changes in gene regulation. Eventually, the anterior Tc-
knirps domain condenses to a narrow stripe posteriorly adjacent to the
head lobes, covering the mandibular segment (grey arrowheads in
Figs. 2A–D).
The posterior domain of Tc-knirps emerges in the “posterior pit” of
late blastoderm embryos (Fig. 2A). In young germ bands the posterior
expression of Tc-knirps consists of two domains: a narrow stripe in the
ectoderm (black arrowheads in Figs. 2B–D) and a broader expression
in the invaginating mesoderm near the growth zone (black arrows in
Figs. 2B–D). In the youngest germ bands, both domains are over-
lapping (Figs. 2B and C) while the mesodermal expression extends
posteriorly to the ectodermal stripe in slightly older germ bands (Fig.
2D). During later germ band stages, both anterior and posterior Tc-
knirps domains fade, leaving elongating embryos without detectable
expression (stages between Figs. 2D and E, not shown). In fully
elongated germ bands, de novo expression of Tc-knirps emerges in the
tips of the fusing labral buds (arrowhead in Fig. 2E) and in a segmental
pattern (Figs. 2F and G). This closely reﬂects the late expression of the
Drosophila orthologs suggesting conserved function in the developing
tracheal system. However, we did not observe tracheal defects in Tc-
knirps RNAi embryos, possibly due to a lower efﬁciency of RNAi knock-
down at late stages. A domain at the posterior end of the germ band
arises after the 10th abdominal segment has formed (Figs. 2E and H).
This Tc-knirps domain overlaps with Tc-wg expression in the posterior
terminus (Fig. 2I) and also has a correlate in Drosophila (Gonzalez-
Gaitan et al., 1994). Importantly, this expression appears well posterior
to and after the formation of segments A5–8 which are affected by
mild segmentation defects in Tc-knirps RNAi (see below).
In order to determine the position of the anterior and posterior Tc-
knirps domains with respect to segment primordia, we performed
double in situ staining with the pair–rule gene Tc-eve. The anterior
domain of Tc-knirps abuts the anterior border of the Tc-eve1 stripe in
blastoderm embryos (Figs. 3A–E), and the anterior border of the
segmental eve1a stripe in young germ bands (Fig. 3G). As the Tc-eve1a
stripe marks the same cells as the ﬁrst Tc-engrailed stripe (Patel et al.,
1994; Brown and Denell, 1996) it serves as a marker for the anterior
part of the ﬁrst parasegment, i. e. the posterior part of the mandibular
segment. Therefore, the early domain of Tc-knirps covers the entire
head anlagen and the head stripe labels the mandibular segment
primordium excluding its posterior compartment. Both posterior
domains of Tc-knirps remain behind the posterior border of the Tc-
eve3 stripe (Figs. 3F–H), and in slightly later stages the ectodermal
stripe abuts the Tc-eve4 stripe (Fig. 3H). Therefore, the ectodermal
stripe covers the primordium of the ﬁrst abdominal segment (A1).
This interpretation is also supported by a Tc-Krüppel/Tc-knirps double
staining (data not shown): the posterior ectodermal Tc-knirps stripe
abuts the posterior rim of the Tc-Krüppel domainwhich coincides with
the posterior limit of the third thoracic segment primordium (Cerny et
al., 2005).
Regulation of Tc-knirps by other gap genes
In Drosophila, the anterior cap of Dm-knirps and Dm-knirps-related
requires the activation by both bicoid and dorsal, while the stripe in
the mandibular primordium is activated by the bicoid target gene Dm-
buttonhead (Rothe et al., 1994). As there is no bicoid ortholog in Tri-
bolium (Brown et al., 2001), the Tc-otd-1 ortholog is a potential
activator. It is maternally expressed in the embryo and its inactivation
by RNAi causes a deletion of anterior head and gnathal segments
(Schröder, 2003), a region that includes the anterior Tc-knirps domain.
In Tc-otd-1 RNAi blastoderms, a severe spatial reduction of the
anterior Tc-knirps expression is observed (Figs. 4A and B). In addition,
the residual anterior domain of Tc-knirps is shifted towards anterior. In
Drosophila, the anterior Dm-knirps and Dm-knirps-related domains are
Fig. 2. Expression of Tc-knirps in the differentiated blastoderm and in germ band embryos. Whole mount in situ staining against Tc-knirps during (A–D) and after (E–I) segmentation.
Anterior is up in the images A–G and left in panels H, I. In panel A, the ventral side is to the right. At the differentiated blastoderm stage, the anterior Tc-knirps domain is condensed to
a narrow domain (grey arrowheads in panel A) that is eventually located in the mandibular segment posterior of the head lobes in young germ bands (grey arrowheads in panels
B–D). The posterior expression of Tc-knirps initially arises at the posterior pit (A) and gives rise to a narrow stripe in the ectoderm (black arrowheads in panels B–D) and a transient
expression in the invaginating mesoderm near the growth zone (black arrows in panels B–D). After segmentation is completed, de novo expression of Tc-knirps appears in the tips of
the fusing labral buds (arrowhead in panel E), at the posterior end of the germ band (arrows in panels E, F), and in the putative tracheal placodes (arrowhead in panel F) and branches
(G). (H, I) Triple-staining for Tc-knirps (blue), Tc'en (also blue) and Tc-wg (red) in the growth zone area of extended germ band embryos. Note coexpression of the late Tc-knirps stripe
with the terminal Tc-wg domain (I).
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knirps expression is not altered by the loss of Tc-Krüppel, Tc-hunchback
or Tc-giant function (data not shown).
The posterior expression of Dm-knirps and Dm-knirps-related is
reduced in Dm-Krüppel mutants and anteriorly expanded in Dm-
hunchbackmutants (Pankratz et al., 1989; Hülskamp et al., 1990; Rothe
et al., 1994). Despite an almost identical expression pattern, Dm-
knirps, but not Dm-knirps-related, is posteriorly repressed by the
terminal gap gene Dm-tailless (Bronner and Jackle, 1991; Rothe et al.,
1994). In Tribolium, Tc-Krüppeljaws mutant embryos can be identiﬁed
by the loss of the posterior Tc-giant domain (Cerny et al., 2005) (Fig.
4D). In these amorphic Tc-Krüppel mutants (Cerny et al., 2005), the
ectodermal Tc-knirps stripe is strongly reduced, while themesodermal
expression is less affected (Figs. 4C and D). In Tc-hunchback RNAi germ
bands (Fig. 4E), the Tc-knirps expression pattern looks quite similar to
the one in Tc-Krüppeljaws (Fig. 4D), but as Tc-Krüppel activity is absent
in Tc-hunchback RNAi (Marques-Souza et al., 2008; Cerny and Klingler,
unpublished), the lack of ectodermal Tc-knirps expressionmight result
from an indirect regulation via Tc-Krüppel. Tc-knirps expression is not
altered in Tc-giant RNAi embryos (not shown). In summary, location
and width of the anterior domain requires Tc-otd-1 function while
activation of the posterior ectodermal stripe depends on Tc-hunchback
and Tc-Krüppel but not on Tc-giant function. We do not know if Tc-otd-1
regulates also the posterior Tc-knirps domain because morphological
changes in Tc-otd-1 RNAi embryos interfere with the analysis.Depletion of Tc-knirps function results in mild abdominal segmentation
defects
For the functional analysis of Tc-knirps, dsRNA was injected into
female pupae (see Materials and methods). Thereby we observed
patterning defects in segments A5–A8, however, in a small portion of
Tc-knirps RNAi embryos only. In the strongest phenotypes, we
detected disturbed dorsal bristle patterns together with fusions or
deletions of partial segments (Figs. 5G and H). Also unilateral
enlargements of segments were observed (stars in Figs. 5E and F)
which in some cases resemble supernumerary hemisegments
complete with tracheal openings (Figs. 5E and I). Weaker phenotypes
display dorsal fusion of segments and/or disarrangement of dorsal
bristles (Figs. 5A–C). However, the segmentation defects are
restricted to the deletion of about one half segment; we have
never observed complete loss of a segment. Also the penetrance of
the abdominal defects is rather low: dorsal defects are observed in no
more than half of the embryos in a given egglay, and the ventral
cuticle is even less affected as the strongest defect was the deletion of
single ventral bristles in 18% of RNAi cuticles (n-45). Also the
pleuropods (limb-like structures in A1 which differentiate as glands
during late embryogenesis) and tracheal openings are formed
normally. No Tc-knirps staining could be detected in Tc-knirps RNAi
embryos conﬁrming efﬁcient gene knock-down throughout
development.
Fig. 3. Expression of Tc-knirps and Tc-eve. In situ double staining against Tc-knirps
(brown) and Tc-eve (blue) in blastoderm (A–E) and germ band (F–H) embryos. Anterior
is left; in the blastoderm embryos (A–E) dorsal is up. At blastoderm stages, the posterior
border of Tc-knirps expression abuts the anterior border of the early Tc-eve domain (A)
and the eve1 stripe (B–E), respectively. In germ band embryos, the eve1 stripe splits into
the segmental stripes eve1a and eve1b; the eve1a stripe is expressed adjacent to the
anterior Tc-knirps domain (F, G). This stripe covers the posterior compartment of the
mandibular segment. Therefore, the anterior Tc-knirps domain covers the anterior
portion of the mandibular segment. In double-stained germ band embryos F–G the
ectodermal and mesodermal contribution to the posterior activity of Tc-knirps cannot
be distinguished. However, the posterior Tc-knirps activity is always located behind
eve3 (F, G). In slightly older germ bands, the ectodermal Tc-knirps expression can be
clearly mapped between the eve3 and eve4 stripes (H). This position corresponds to the
anlagen of the ﬁrst abdominal segment. Note that Tc-eve stripes extend into amnion and
mesoderm, resulting in a “folded” appearance of the stripes in the anterior germ
rudiment (F, G, H). e1–4 = even-skipped stripes 1 to 4.
Fig. 4. Regulation of Tc-knirps by Tc-otd-1, Tc-Krüppel and Tc-hunchback. Whole mount
in situ stainings for Tc-knirps (purple or brown). The embryo in panel D was doubly
stained for Tc-knirps (brown) and Tc-giant (turquoise). In panels A, B, anterior is to the
left and dorsal up; in panels C–E, anterior is up. (A, B) At the blastoderm stage, the
anterior Tc-knirps expression depends on Tc-otd-1: Tc-otd-1 RNAi eliminatesmost of this
domain except for a narrow stripe that is shifted towards the anterior pole. (C) In a wild
type germ rudiment the posterior Tc-knirps expression consists of an ectodermal stripe
and a mesodermal domain (same embryo as in Fig. 2B). (D) In Tc-Krjaws homozygous
embryos, Tc-knirps expression in the growth zone and the mesoderm remains, but the
ectodermal stripe fails to form. Mutant embryos were identiﬁed by the loss of the
posterior Tc-giant domain (Cerny, unpublished observation). (E) In Tc-hunchback RNAi
germ bands, a similar effect could be observed, which may be due to loss of Tc-Kr
expression in Tc-hunchback RNAi embryos (Cerny and Klingler, in preparation).
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stained Tc-knirps RNAi embryos with Tc-engrailed and Tc-wingless as
markers for parasegment boundaries. Essentially, these patterns reﬂect
the cuticula phenotype in that lateral fusions and expansions are
observed as well as lateral protrusions of additional tissue (Figs. 5J–R).
Also the defects in germ bands are mostly conﬁned to lateral and dorsal
positions. Lateral splitting of Tc-en and Tc-wg stripes (Figs. 5K and R)
evidently leads to the formation of supernumerary partial segments
observed in larval cuticles. Therefore, the segmentation defects arise at
the time of parasegment boundary formation and appear not to be due
to degeneration at later stages (Figs. 5K, L and N). We ﬁnd intact stripes
posterior to the affected region e.g. of A8 and A9 (Figs. 5O, Q and R).
Tc-knirps plays a crucial role in head segmentation
In contrast to the rather subtle abdominal function of Tc-knirps, a
very prominent – and fully penetrant – phenotype is evident in the
head of Tc-knirps RNAi animals: such larvae lack antennae and
mandibles (Fig. 6). We also analyzed the expression of the pair–rule
gene Tc-eve and the segment polarity gene Tc-wingless in Tc-knirps
RNAi blastoderm (Fig. 7) and germ band embryos (Fig. 8). At the
blastoderm stage, the expression of the Tc-eve stripes one to three is
not altered in the Tc-knirps RNAi background (Fig. 7, brown staining)except for a slight delay in the process of eve1 splitting into the
segmental stripes eve1a and eve1b (compare Figs. 7A and F). In late
blastoderm embryos, Tc-wingless becomes expressed in a domain at
the posterior pole (covered by the eve3 stripe) and in two ventro-
lateral stripes in the ocular region (Fig. 7, blue staining). In Tc-knirps
RNAi blastoderm embryos, the ocular Tc-wingless stripes are well-
formed (Figs. 7D–F). However, the distance between these wingless
domains and the ﬁrst eve stripe is strongly reduced (black bars in Figs.
7D–F) compared to wild types (Figs. 7A–C). This indicates an early role
of Tc-knirps in the formation of head primordia.
In young germ band stages, the headmorphology of Tc-knirps RNAi
embryos appears condensed, and the distance between stripes eve1a
and eve1b is shorter than in wild type germ bands (Figs. 8A and B).
Stripe eve1a dissolves earlier than in wild type (Figs. 8C and D), and a
weak mandibular wingless stripe is transiently expressed in Tc-knirps
RNAi germbands (Figs. 8D and F). Themaxillarywingless stripe and the
eve stripes 2–4 are not affected by the anterior deletion (Figs. 8C–F).
The head morphology of late Tc-knirps RNAi germ bands resembles
wild type embryos, but the antennal wingless stripes never appear
(Figs. 8G–L). In contrast to the adjacent antennal and mandibular
stripes,wingless expression in the intercalary segment can be detected
in Tc-knirps RNAi germ bands (black arrowheads in Figs. 8I and J).
Finally, in fully elongated wild type germ bands, the loss of the
antennal and the mandibulary segment is clearly visible in Tc-knirps
RNAi embryos (Fig. 8L).
Discussion
In this paper we describe the ﬁrst knirps/knirps-related ortholog in
a short germ insect, Tc-knirps. This study completes the comparative
analysis of gap gene orthologs in Tribolium (Schröder et al., 2000;
Schröder, 2003; Bucher and Klinger, 2004; Cerny et al., 2005). As in
Anopheles (Goltsev et al., 2004), the Tribolium genome sequence
contains only one ortholog of the knirps and knirps-related genes,
while both paralogs are present in Drosophila and probably Musca
Fig. 5. Abdominal defects caused by Tc-knirps RNAi. (A–I) Confocal images of 1st instar larvae after RNAi. Panels B, E, H are close-ups of the larvae shown in panels A, D, G, respectively,
while panels C, F, I show different embryos. All are in dorso-lateral view except for the embryo in panel I which is shown from the ventral side. Only up to 55% of RNAi animals display
abdominal defects. The weakest and most abundant defect is an irregular bristle pattern on the dorsal side of the embryo in the region between A5 and A8 (A–C). In stronger
phenotypes, single segments can be enlarged unilaterally (star in panel F) and can even carry a supernumerary tracheal pit (stars in panels E, I), or fusion of segments in the region
A5–A8 can lead to the deletion of one hemisegment (G, H; this embryo represents the strongest phenotypewe have observed). (J–R) Tc-kni RNAi embryos stained against Tc-engrailed
(blue) and Tc-wingless (red) essentially reﬂect the defects seen in cuticles. Panels K, N, Q are close-ups of panels J, M, P respectively; all embryos are located with anterior to the left.
The defects arise during the formation of parasegment boundaries (K, L) and lead to ectopic expression of both segment polarity genes (K, L, N, O). Predominantly lateral and future
dorsal tissues are affected. Lateral splitting of parasegment boundaries (K, R) are in line with supernumerary hemisegments in cuticles (E, F, I). The defects also lead to the bulging-out
of cells adjacent to the affected parasegment boundaries (N, O, R).
289A.C. Cerny et al. / Developmental Biology 321 (2008) 284–294(Sommer and Tautz, 1991). Our phylogenetic analysis places the single
Tribolium and Anopheles knirps/knirps-related genes with the Droso-
phila knirps and knirps-related genes (Sup. Fig. S3). Evidently, a gene
duplication occurred during the radiation of the Diptera, whereupon
the knirps sequence evolved more rapidly than knirps-related.
While the twoDrosophila genes have partially overlapping functions,
the segmentation function rests with the knirps paralog. Therefore, the
rapid evolution of the knirps sequence may reﬂect functional changes of
this protein during the evolution of long germ segmentation. The Dm-
knirps-related gene does not play a role in segmentation because large
introns make its transcription too slow for early embryogenesis (Rotheet al., 1992). In Tribolium, development proceeds much more leisurely
than in Drosophila (at 25 °C, embryonic development lasts 22 h in
Drosophila but 160 h in Tribolium). Under these circumstances, an intron
length comparable to Dm-knirps-related (Sup. Fig. S4) evidently does not
hinder a function of Tc-knirps in early patterning.
The anterior domain of Tc-knirps resembles that of its Drosophila
orthologs but differs in its regulation
In Drosophila, the blastoderm expression of knirps and knirps-
related is almost identical and consists of an anterior-ventral domain, a
Fig. 6.Head defects in Tc-knirps RNAi larvae. Confocal images of a wild type (A) and a Tc-
knirps RNAi (B) larva. Anterior is up. In thewild type head (A), from anterior to posterior,
the labrum (Lr), the antennae (Ant), the claw-like mandibles (Md), the maxillae (Mx)
and the labium (Lb) are present. In Tc-knirps RNAi larvae, the antennae and the
mandibles are missing while both, more anterior structures like the labrum (Lr) and
more posterior structures like the maxillae (Mx) and the labium (Lb) are not affected.
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González-Gaitán et al., 1994; Rothe et al., 1994). Also Tc-knirps is
expressed in the anteriormost region of the embryo proper (Figs. 1,
3A–E), albeit it is excluded from the anteriorly adjacent extra-
embryonic serosa, and – at least initially – seems less inﬂuenced by
dorso-ventral control. At late blastoderm and early germ band stages,
this anterior domain shrinks into a stripe covering the anterior com-
partment of the mandibular primordium (Figs. 2A–C, 3E–G). Also in
Drosophila this segment is marked by narrow stripes of the knirps
and knirps-related orthologs (Rothe et al., 1994).
The ventral anterior domains of Dm-knirps and Dm-knirps-related
both are regulated through combined activation by bicoid and dorsal,Fig. 7. Expression of Tc-eve and Tc-wingless in Tc-knirps RNAi blastoderm embryos. In situ d
knirps RNAi (D–F) blastoderm embryos. Anterior is left and dorsal up. In Tc-knirps RNAi blast
panels D–F with panels A–C) but there is some delay in the splitting of the ﬁrst stripe into seg
in panel A). The expression of Tc-wingless in the ocular primordia (at the anterior end of the
and the ﬁrst eve stripe is signiﬁcantly reduced (compare black bars in panels A–C with panwhile the stripe in the mandibular segment primordium requires also
the activity of the head gap gene Dm-buttonhead (Rothe et al., 1994).
Tribolium lacks a bicoid gene (Brown et al., 2001) and Tc-orthodenti-
cle-1 (Tc-otd-1) has been described as a functional substitute
(Schröder, 2003). Our data support this idea because the anterior Tc-
knirps expression is reduced in size and shifted anteriorly in Tc-otd-1
RNAi embryos (Figs. 4A and B). As Tc-knirps expression is not lost
entirely, additional factors appear to be involved, or our RNAi expe-
riments may have failed to completely knock-down Tc-otd-1.
Unlike in Drosophila, Tribolium head patterning depends on early knirps
function
In Tribolium, the inactivation of Tc-knirps activity leads to a dele-
tion of the antennal and mandibular segments (Fig. 6). Already at the
blastoderm stage, the distance between the ocular and the maxillary
anlagen is reduced (Figs. 7D and E). This may indicate early loss of the
antennal segment which in Tc-knirps RNAi embryos is never apparent
at the level of segment polarity genes (Figs. 8G-L). In contrast, the
mandibular defect transpires at a somewhat later stage, as a weak
mandibular Tc-wingless stripe initially forms which is subsequently
lost (Figs. 8B, D and F) — even though the corresponding Tc-eve1a
stripe is present (Fig. 7F). This temporal difference in Tc-knirps
requirement – early for antennae versus late for mandibles – is
consistent with the expression pattern, since Tc-knirps remains active
in the anterior compartment of the mandibular primordium as a
sharply demarcated stripe at a time when segment primordia already
have been deﬁned.
The role of the Tribolium knirps gene in head patterning is much
more pronounced than in Drosophila. Due to functional redundancy,
mutations in the Dm-knirps or Dm-knirps-related genes alone have no
effect on head development. Deleting both genes gives rise to defects
in the morphology of the differentiated larval head. However, this
defect arises during later morphogenesis stages rather than during
segment formation, because segment polarity genes are expressed
normally in such doubly mutant embryos (González-Gaitán et al.,
1994).
The intercalary segment inbetween the head segments lost in
Tc-knirps RNAi embryos appears not to be affected (at least in its
wingless expressing compartment; Fig. 8J). Since no cuticular marker
is available for the intercalary segment, a loss of this segment at later
stages cannot be ruled out; however, based on our present data, Tc-
knirps does not formally qualify as (head) gap gene given that we did
not observe the deletion of several adjacent segments as in theouble staining against Tc-eve (brown) and Tc-wingless (blue) in wild type (A–C) and Tc-
oderm embryos, the location of the primary eve stripes one to three is normal (compare
mental stripes eve1a and eve1b (older embryo in panel F is similar to younger wild type
black bars) is also not affected (A–F), but the distance between this Tc-wingless domain
els D–F).
Fig. 8. Expression of Tc-eve and Tc-wingless in Tc-knirps RNAi germ band embryos. Whole mount in situ double staining against Tc-eve (brown) and Tc-wingless (blue) in wild type (A,
C, E, G, I, K) and Tc-knirps RNAi germ band embryos (B, D, F, H, J, L). Anterior is up. In early Tc-knirps RNAi germ bands, the head is shorter and the distance between the segmental eve
stripes 1a (=Md) and 1b (=Mx) is reduced (compare panel Awith panel B). Early in the Tc-knirps RNAi germ rudiment, a faint wg stripe is detected in the mandibular segment (B, D).
Later on, thiswingless stripe disappears (F, H, J, L). Compared to the gnathal Tc-wingless stripes, the antennal stripes arise rather late inwild type germ bands (arrows in panels G, I, K);
no such stripes form in Tc-knirps RNAi germ bands of the same age (H, J, L). In contrast to the antennal and mandibular stripes, Tc-wingless expression in the intercalary segment can
be detected in Tc-knirps RNAi background (arrowheads in panels I, J). In fully extended wild type germ bands with initiation of appendage growth, an additional Tc-wingless pattern is
observed in the primordium of the labrum, while the ocular wingless domain splits into three spots (K, L). At that stage, the lack of the antennal and mandibular segment is
morphologically evident in Tc-knirps germ bands (L). e = even-skipped, Ant = Antenna, Md = Mandible, Mx = Maxilla, Lb = Labium and T = Thorax.
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empty spiracles (Cohen and Jürgens, 1990).
Loss of function of the SP transcription factorDm-buttonhead leads to
the deletion of antennal, intercalary and mandibular segments (Cohen
and Jürgens, 1990; Wimmer et al., 1993; Wimmer et al., 1997). Intri-
guingly, Dm-buttonhead is known to activate the Dm-knirps and Dm-
knirps-related stripes in the mandibular primordium and is required for
the formation of the mandibulary segment (Rothe et al., 1994). Data
from other taxa are needed to see if the role of Tc-knirps indeed repre-
sents the ancestral situation; we posit that an ancestral head patterning
function of knirps has been taken over by buttonhead in the evolutionary
line leading to Drosophila, while knirps/knirps-related acquired new
roles in Diptera-speciﬁc head morphogenesis (i.e. head involution).
Size, position and function of the posterior Tc-knirps domain differ from
its Dm-knirps equivalent
In contrast to its anterior domain, the posterior expression of Tc-
knirps is not conserved with respect to its position in the fate map(Fig. 9). In Drosophila, the posterior Dm-knirps domain covers the
primordia of the abdominal segments two to ﬁve (Nauber et al., 1988;
Clyde et al., 2003). During gastrulation, the posterior domain of Tc-
knirps retracts from the growth zone and forms a narrow ectodermal
stripe much more anterior, covering the primordium of the ﬁrst
abdominal segment. The formation of the posterior Tc-knirps domain
depends on Tc-Krüppel (Figs. 4C and D). InDrosophila, the “activation” of
Dm-knirps by Dm-Krüppel is in fact a repression of the repressor Dm-
giant (Capovilla et al., 1992). However, this double-negative regulation
cannot account for the situation in Tribolium, as Tc-giant is activated
rather than repressed by Tc-Krüppel (Cerny et al., 2005; Marques-Souza
et al., 2008). The hunchback gene, on the other hand, is an important
repressor of both Dm-knirps and Dm-knirps-related (Pankratz et al.,
1989; Hülskamp et al., 1990; Rothe et al., 1994), but plays an activating
role for Tc-knirps (Fig. 4E; although this may be indirect since Tc-Krüppel
is not expressed in Tc-hunchback RNAi embryos) (Marques-Souza et al.,
2008; Cerny and Klingler, in preparation). Thus, during evolution of the
knirps gene, expression and regulation of the posterior domain have
undergone considerable changes.
Fig. 9. Expression of gap genes in Tribolium and Drosophila. Schematic drawing of gap gene expression domains in relation to the segment primordia in the Drosophila blastoderm (A)
and in Tribolium at the blastoderm stage (B) and during germ band growth (C). In Drosophila, all segment primordia are covered by overlapping gap gene domains (A). Note that in
Drosophila both, knirps and knirps-related are expressed in an identical pattern. In Tribolium, the anterior domains of Tc-giant, Tc-knirps and Tc-hunchback are quite conserved
(compare panel A to panels B, C). In late blastoderm embryos, Tc-tailless, Tc-giant, Tc-knirps and Tc-Krüppel are expressed at the posterior pole of the blastoderm which later forms
part of the growth zone (B). At subsequent stages, these domains end up covering more anterior segments than in Drosophila (compare panel A with panel C). This shift, and the
differences in the segmentation phenotypes, suggest little conservation in the role of gap gene orthologs among Drosophila and Tribolium. Of the abdominal gap domains, only the
position of the posterior Tc-hunchback domain resembles that of the posterior Dm-hunchback expression. (Drosophila patterns taken from Hülskamp and Tautz (1991), Tc-giant:
Bucher and Klingler (2004); Tc-Krüppel: Cerny et al. (2005); Tc-hunchback: Wolff et al. (1995); Tc-tailless: Schröder et al. (2000)).
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during early embryonic patterning, its posterior domain plays a much
less signiﬁcant role than in Drosophila. Dm-knirps is required for the
formation of abdominal segments A1 through A7 (Pankratz et al.,
1990; Riddihough and Ish-Horowicz, 1991). In Tc-knirps RNAi larvae
we ﬁnd sporadic abdominal defects in a region spanning segments A5
to A8, i.e. posteriorly shifted relative to that affected in Drosophila
(A1–A7). Tc-knirps is not absolutely required for abdominal segmenta-
tion as 50–80% of embryos with strong head phenotypes do formwild
type abdominal segments. Moreover, we never observed loss or gain
of more than about half a segment per larva. These defects result from
irregular spots of segment polarity activity mainly in dorsal/lateral
positions, which are subsequently partially repaired, leading to loss or
apparent “gain” of partial segments. Given this minor contribution to
abdominal patterning, we conclude that Tc-knirps functions mainly as
head patterning gene rather than as abdominal gap gene (see below).
The segmental defects in A5–A8 do not obviously correlate with
any Tc-knirps expression domain, neither spatially nor temporally. In
the fully extended germ band, a 3rd stripe of Tc-knirps expression
arises in the terminal region (Figs. 2E, H and I); this stripe is located at
least 2 segments posterior of the affected segments and arises onlyafter the defects are already evident (compare expression in Figs. 2H
and I with defects in Figs. 5O, Q and R). Therefore, the defects must be
induced by an earlier Tc-knirps function, most likely the anterior
abdominal domain. Also this domain, however, is located at a distance
of four segments anterior to the defect zone. This implies a long-range
mechanism of action, either spatially or temporally, which is very
similar to the situation in the Tc-Krüppel and Tc-giant genes where we
also observed defects in segments located far posterior of the expres-
sion domain (Bucher and Klingler, 2004; Cerny et al., 2005). As
previously discussed, this discrepancy between expression and effect
could involve additional factors, or diffusion of Tc-Knirps from the
abdominal domain, or the persistence of Tc-Knirps protein in cells
which express Tc-knirps earlier (when it is active in the growth zone)
could allow it to exert its effect at a time long after the Tc-knirps
transcript has been cleared from these cells.
Gap genes and abdominal segmentation in Tribolium
Gradients and positional information direct patterning in long
germ Drosophila (Hülskamp and Tautz, 1991; St Johnston and
Nüsslein-Volhard, 1992; Rivera-Pomar and Jäckle, 1996; Klingler and
293A.C. Cerny et al. / Developmental Biology 321 (2008) 284–294Tautz, 1999; Clyde et al., 2003) and in wasps (Nasonia) which evolved
long germ development independently from dipterans (Lynch et al.,
2006a,b; Olesnicky et al., 2006). In contrast, segmentation in verte-
brates (Pourquie, 2003), spiders (Stollewerk et al., 2003; Schoppmeier
and Damen, 2005) andmyriapods (Chipman et al., 2004) appears to be
based on temporal periodicity generated by “segmentation clocks”
involving the Notch pathway. This pathway is not involved in Tribo-
lium segmentation (Tautz, 2004). It is tempting to speculate that Tri-
bolium represents an intermediate state between Notch-based
segmentation clocks of other arthropods and the clock-independent
segmentation mechanism of Drosophila (Peel et al., 2005; Damen,
2007). The strong pair–rule interactions in Tribolium seem to be orga-
nized in a circuit which suggests that a pair–rule gene based seg-
mentation clock is at work in this short germ insect (Choe et al., 2006)
which may be derived from the segmentation mechanism of spiders
and myriapods but has become independent of Notch signalling.
Yet, orthologs of Drosophila gap genes play important segmenta-
tion roles in all insects where their function has been tested (Schröder,
2003; Bucher and Klingler, 2004; Liu and Kaufman, 2004a,b; Cerny et
al., 2005; Mito et al., 2005, 2006). In addition to regulating Hox genes
(and each other), the gap gene domains in the growing germ band
could act as indiscriminative activators for pair–rule stripes and serve
to keep the segmentation clock running, without directly regulating
each single stripe. The number of gap domains successively active
then would limit the number of segmentation clock cycles. Alter-
natively, abdominal gap domainsmay provide direct positional cues to
at least certain posterior pair–rule stripes. The precise one-segment
wide stripes formed by the posterior Tc-giant and Tc-knirps domains,
together with the posterior borders of Krüppel and anterior hunchback
domains, all are positioned in the posterior thorax and anterior
abdomen (Fig. 9). These boundaries could provide information to
pair–rule genes at the transition from blastoderm to growth zone
patterning. In contrast, only few gap domain boundaries are known in
the middle and posterior abdomen (e.g. the boundaries of the
abdominal hunchback domain). This suggests that pair–rule stripe
formation in the growth zone of short germ embryos either does not
require gap gene input, or that other factors (not known from Droso-
phila segmentation) fulﬁll this role during growth zone patterning.
The non-canonical “gap gene” mille-pattes (Savard et al., 2006) could
represent one such short germ-speciﬁc factor whose role in Droso-
phila has been taken over by enlarged and repositioned transcription
factor domains including that of Dm-knirps.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2008.05.527.
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